In the current studies we are focusing on the utility of the theory of hard and soft acids and bases (HSAB), as proposed by Pearson, for the description of the reactivity of different types of two-radical graphene sheets where two neighbouring carbon atoms are unsaturated in the zigzag position. The closed-and open-shell systems were taken into account. The well-known theoretical reactivity indices (ionization potential, electron affinity and global softness) were calculated for the adsorbents analyzed. We have shown that the values of these parameters are independent of the size of the carbon models. To test the reactivity of adsorption sites as probe molecules, we have used the chloride anion (Cl -), cation (Cl + ) and radical (Cl 0 ), respectively. Respective correlations between the enthalpy of reaction, the ionization and/or electronic chemical potential of the carbon structures were found.
INTRODUCTION
A detailed and complete description of chemisorption as well as physical adsorption on carbonaceous adsorbents is still a key problem whose solution is far from complete. It is well known that many aspects should be taken into account in the description of sorption processes [e.g. intermolecular interaction, the orientation of adsorbate molecules with relation to the adsorbent structure, their deformations, the range of influence of doping atoms on defects (treated as a source of heterogeneity)] on the properties of the adsorbent and adsorbate structures. Ab initio, Density Functional Theory (DFT) and Quantum Mechanics/Molecular Mechanics (QM/MM) methods seem promising in the investigation of sorption mechanisms. Hence, theoretical studies taking into account the intermolecular interactions between adsorbate molecules and the adsorbent structure -on the basis of computational chemistry -have recently been attracting great attention . For example, molecular modelling studies of the sorption of simple gases [e.g., CO (Espinal et al. 2004; Zhu et al. 2002a ), CO 2 Radovic 2005; Zhu et al. 2002b) , SO 2 Pliego et al. 2005) , H 2 O (Zhu et al. 2002b; Picaud et al. 2004; Ruuska and Pakkanen 2003; Feller and Jordan 2000) , N 2 (Lushington and Chabalowski 2001), O 2 (Sidik et al. 2006; Zhu et al. 2001 Zhu et al. , 2002a Froudakis et al. 2003) , H 2 (Arellano et al. 2002; Han and Lee 2004) , NO x (Zhu et al. 2001) , and others) on carbonaceous surfaces have been undertaken. In addition, more complicated molecules such as benzene and other aromatic compounds have also been investigated (Ruuska and Pakkanen 2001; Ueno et al. 2000; Zhao et al. 2003; Kar et al. 2004; Chakrapani et al. 2003; Fomina et al. 2002) .
A very important problem which arises during studies of adsorption mechanisms on carbonaceous adsorbents using the above-mentioned quantum calculations is the choice of the shape and size of the graphene layer and the location of unsaturated carbon active sites, defects, doped atoms, etc. It is well known that these adsorbents possess very complicated porous structures. On the other hand, no model exists of the structure of porous carbon that can successfully explain all the experimentally measured physical and chemical features of this material (Bandosz et al. 2003) . However, it can be assumed that activated carbons are formed mainly from aromatic clusters possessing a limited size. It is important to note that, although graphite has a much larger structure where the graphene layers have different sizes and configurations, the carbonaceous models considered in quantum studies are chosen to represent the different active-site environments existing on these materials. Moreover, since an electron does not delocalize efficiently through single bonds, it is reasonable to assume that the reactivity of each graphene cluster is not affected by the remaining char structure. Several models have been proposed to simulate the different structures possible in a carbonaceous material (basal plane, armchair, zigzag and tip models) Chen and Yang 1998) . The above-mentioned models were used with significant simplification and some of the results obtained may, therefore, not be valid. As a result, this issue is under active investigation with many important questions remaining unanswered.
The chemistry of chlorine is very interesting because of its importance in environmental studies (Walter 2001) . The most promising methods for removing hazardous and environmentally undesirable chemicals such as chlorinated compounds seem to be adsorption on solid surfaces and heterogeneous catalysis (Cordi and Falconer 1996; Jang et al. 1997; Khaleel et al. 1999) . In general, adsorption can occur on a wide range of surfaces; however, only some materials are known to possess adsorptive efficiencies or reactive surfaces which are suitably favourable for adsorbing chlorinated organic compounds. These include activated carbons, zeolites and some metal oxide systems (Chatterjee and Greene 1991; Petrosius et al. 1993; Calza et al. 1997; Koper et al. 1995) . Treatment of the carbonaceous material with chlorine (Hall and Holmes 1993; Verma and Walker 1993) has been shown to be valuable for a wide variety of applications. Thus, the interaction of activated carbons in a chlorine atmosphere resulted in decreasing hydrophobicity (Hall and Holmes 1993) as well as decreasing physisorption of both O 2 and Ar (Verma and Walker 1993) . This could lead to the inhibition of carbon reactivity due to the formation of covalent bonds with the active sites on the carbon surface.
In general, carbon surfaces are amphoteric in nature, with the co-existence of acidic and basic centres. In view of experimental and theoretical results, different hypotheses about both types of carbon site have been considered widely (Montes-Moran et al. 2004; Fuente et al. 2003; Radovic et al. 2001; Alfarraa et al. 2004; Strelko et al. 2000) . Some published results have demonstrated that, for gases interacting with so-called 'white' adsorbent surfaces, the reactions follow the HSAB principle. Homelsoet et al. (2006) critically analyzed the reactivity descriptors for the interaction of zeolites with different probe molecules such as chloromethane, methanol, ethylene and propene. All the reactions studied were characterized as of the hard-hard form within a global hard and soft viewpoint, when a correlation was established between differences in global softness and the reaction barriers for apolar molecules. However, no such correlation was found for polar molecules. Deka et al. (2003) have also studied the active sites of zeolites within the HSAB framework. However, the description of the properties of aromatic compounds treated as carbon models using the HSAB theory is not very popular, although it has been used successfully to interpret the adsorption of metal ions onto activated carbons (Alfarraa et al. 2004) .
In our opinion, the theory of hard and soft acids and bases is very interesting and promising. Thus, in this paper, we will re-iterate the main statements of the HSAB concept as taken from a rich literature review. These will be then be applied to explain the properties of formed R-chloride complex species (where R is a model graphene sheet) and the reactivity of adsorption sites. We consider three adsorbate molecules, i.e. Cl -(known as a hard base), Cl + (a hard acid) and Cl 0 (a hard acid) from the viewpoint of: (i) the orientation of the adsorbate molecules relative to the adsorbent structure (and active sites) which is readily predicted; (ii) studies of the acidic and basic properties of activated carbons which pose an open question; and (iii) the verification of some relationships suggested on the basis of the HSAB concept. In summary, the surfaces of activated carbons will be tested using well-known reactivity descriptors in order to understand the adsorption mechanism of the above-mentioned species and to predict the adsorption processes of other molecules.
THE HSAB CONCEPT
The theory of hard and soft acids and bases (HSAB) proposed by Pearson (1963) was introduced in connection with the behaviour of Lewis acids (A) and bases (B): A + :B → A : B. To explain the affinities between acids and bases, Pearson (1963 Pearson ( , 1993 formulated (i) the thermodynamic rule stating that hard acids prefer to associate with hard bases and that soft acids prefer to associate with soft bases and (ii) the kinetic rule which states that hard acids react readily with hard bases and soft acids react readily with soft bases.
In order to quantify the HSAB principle, Parr and Pearson (1983) have defined the concept of absolute hardness (η):
(1) where E is the energy, N is the number of electrons, Z is the atomic number of the donor or acceptor atom (B and A, respectively), µ = (∂E/∂N) Z is the electronic chemical potential defined as µ = -1/2(IP + EA), where IP and EA are the ionization potential and electron affinity, respectively. Following Parr and Pearson (1983) , the energy change due to charge transfer is deduced as:
( 2) where the zero superscripts refer to isolated reactants and ∆N represents the electron transfer from B to A. As pointed out by Nalewajski (1984), equation (2) immediately explains the large stabilization of the soft-soft linking, since both η A and η B are small. However, it does not explain the hard-hard and soft-hard interactions. In order to resolve this problem, Nalewajski (1984)
Pearson's Hard-Soft Acid-Base Principle for Interpreting the Reactivity of Carbon Materials extended the original Parr and Pearson model using a second-order expansion of the energy E = E(N,Z) of atom-in-a-molecule:
( 3) where υ = V ne /Z is the electron-nuclear attraction per unit nuclear charge, α = 1/2(∂µ/∂Z) N = 1/2(∂υ/∂Z) Z , β = 1/2(∂υ/∂Z) N and ∆Z is the core charge of atom-in-a-molecule. Thus, the charge transfer could be expressed as:
(4)
Using this expression, the first-order stabilization energy becomes:
For the hard acid-hard base combination, the stability originates mainly from the last term (large values of η 0 B + η 0 A cause the magnitude of the former term to diminish). In the case of soft-hard interactions, the stability should be enhanced either by charge transfer (the first term) or a change in the external potential (the last term), i.e. the nuclei are in fixed positions (Nalewajski 1984; De Proft and Geerlings 2001) .
Some authors have tried to find correlations between the intermolecular interaction energy and the reactivity parameters treated as global or local. Beaten et al. (1999) used the HSAB concept to study the interaction of episulphonium derivatives with DNA. They concluded that, in the case of Lewis acid-base interactions, evaluations of the interaction energies can be performed very efficiently using the DFT concept based on the HSAB approach. These authors also found that the genotoxicity sequence (obtained experimentally) correlates very well with the stabilization energy. Shoeib et al. (2001) showed that the reaction enthalpy for the addition of R-CN to Ag(RCN) + is highly correlated with the ionization potentials of the ligands. On the other hand and to best of our knowledge, no attempts have been made to verified equation (5) using experimental data or theoretical calculations. Thus, in our opinion, it is of interest to look for relations between the enthalpy of reaction and the above-mentioned reactivity parameters, e.g. the chemical potential, the ionization potential, the electron affinity and the global softness. This was the goal of the further studies presented below.
COMPUTATIONAL METHOD
In the current studies, we focus on the utility of the HSAB concept for the description of the reaction of the chloride anion (Cl -), cation (Cl + ) and radical (Cl 0 ) with the different types of
two-radical graphene sheets possessing various numbers of benzene rings (see Figure 1 ). It should be mentioned that analysis of these graphene layers provides both a convenient and reasonable starting point for various theoretical studies of carbon reactivity as has been found by other workers Radovic 2005; Pliego et al. 2005; Bandosz et al. 2003, Chen and Yang 1998) . Moreover, we have limited our considerations to two neighbouring unsaturated carbon atoms in the zigzag position (Radovic 2005) . The likelihood of the presence or absence of radical sites in the graphene sheet has been discussed in detail by Radovic and Bockrath (2005) and others (Bandosz et al. 2003; Chen and Yang 1993 ).
Using three model graphitic carbon materials, a simple technique for measuring the adsorption of CO 2 (at 1 atm and room temperature), the basal plane surface area and the edge plane surface area of graphitic carbon materials (three graphite samples) has been proposed by Chen and Yang (1993) . The authors observed that CO 2 exhibits a high selectivity towards edge plane sites, whereas the basal plane makes only a negligible contribution. A semi-empirical molecular orbital calculation has been made with a view to understanding the different adsorption abilities of CO 2 on the different faces of graphite. The experimental and theoretical results showed that the adsorption of CO 2 on the edge plane surface is ca. nine-times greater than that on the basal plane surface. On the other hand, Radovic and Bockrath (2005) have analyzed whether such reactive free-radical sites exist on the carbon surface during the initial stages of chemisorption and reaction. They have suggested that, under ambient conditions, a significant fraction of the oxygen-free edge sites are neither H-terminated nor exhibit the existence of unadulterated free radicals. The zigzag sites are carbene-like (with a triplet ground state) whereas the armchair sites are carbyne-like (with a singlet ground state). Radovic and Bockrath (2005) have argued that the above-mentioned proposal is not only consistent with the key electronic properties and surface reactivity behaviour of carbons, but it can also explain the documented ferromagnetic properties of some impurity-free carbon materials. Moreover, according to Radovic (2005) , simply removing H atoms from the graphene edge as a means of creating carbon active sites without critically examining the resulting spin multiplicity (M) issues may be both unrealistic and misleading. Hence, in the current studies, we have taken closed and open-shell systems with multiplicity M = 1 and M = 3, respectively, into account.
All calculations (at B3LYP levels of theory using 6-31G(d,p) basis sets) were performed using geometries optimized for the parent compounds as shown in Figure 1 . These calculations were performed using the Gaussian 98 program (Frisch et al. 1998 ). The method proposed by Yang and Mortier (1986) was employed for the calculation of the ionization potentials and electron affinities for systems with N, N -1 and N + 1 electrons (calculated for the same geometry). Thus, the reactivity of these model layers will be discussed on the basis of the global reactivity parameters as IP, EA, global softness [S, defined as 1/(2η)] and the chemical potential [µ = -1/2(IP + EA)]. The charge transfer (∆N) -the difference between the initial charge on the adsorbent (graphene sheet), i.e. 0, and its charge in the R-Cl × (x = -1, 0, +1) complex -was calculated on the basis of Natural Population Analysis (NPA) (Frisch et al. 1998) . Additionally, the enthalpies of reactions (∆H 298 , T = 298 K, P = 1 atm) Radovic 2005) were again calculated * for chlorinated structures associated with the above-mentioned graphene sheets using the Gaussian 98 (Frisch et al. 1998) program.
RESULTS AND DISCUSSION
In order to estimate the reactivity parameters related to above-mentioned adsorbate/adsorbent systems, we have calculated the following parameters of the HSAB theory, viz. IP, EA, S and µ, for closed and open-shell systems, i.e. M = 1 and M = 3, respectively, for the various different types of graphene models depicted in Figure 1 .
Analyzing the values of IP, EA and S (Figure 2) for the carbon models, it is seen that the ionization potential values were higher for triplet states (M = 3) than for singlet states (M = 1). The opposite trend was observed in the case of electron affinity (EA) and global softness (S). These observations are in good agreement with the statement that M = 3 is the ground state for zigzag graphene sheets (Radovic 2005; Radovic and Bockrath 2005) . Moreover, the parameters are independent of the size of the graphene sheet for both multiplicities. For M = 3, it is seen that the highest values of IP were obtained for the R2 structure and decreased slightly in the order R3 > R4-3 > R4-1 > R4-2 > R7 > R6. In contrast, the magnitudes of EA and S increased in the same order. In summary, it may be stated that it was very difficult to find a correlation between the size of the graphene sheets and the values of IP, EA and S. A similar lack of correlation between the sizes of carbyne-and carbene-like graphene sheets and electronic properties (HOMO-LUMO gaps, and singlet and triplet energies) has been observed recently by Radovic and Bockhard (2005) .
Montoya and co-workers (2003) investigated the adsorption of various adsorbate molecules on a series of carbon structures possessing various sizes and types of active centres. In addition, the geometric properties of carbon structures have been studied by Chen and Yang (1998) . The results of such studies have been very important because of the selection of representative models for quantum-chemical calculations. On the other hand, no model of the structure of carbonaceous materials exists that can successfully explain all their experimentally measured physical and chemical features. This has been discussed in detail by Bandosz et al. (2003) . Consequently, it is very difficult to decide which model of graphene sheets (with and/or without active sites, e.g. unsaturated carbon atoms, flat or fullerene-like, etc.) is appropriate. Thus, in our opinion, it is worth evaluating the influence of the electronic properties of carbon sheets on the energetic effect of the adsorption process in order to better understand the adsorption mechanism for neutral and ionized molecules.
To calculate the magnitude of ∆H 298 for the chemisorption process, three adsorbate molecules [i.e. Cl × (x = -1, 0 or +1)] were considered. The corresponding values are presented in Figures 3-5. The process was found to be exothermic in all cases. During the formation of the R-Cl complexes with multiplicity M = 3, lower values of -∆H 298 were observed for R-Cl -[from 16.6 (R2) up to 51.5 kJ/mol (R6)] and higher values for R-Cl + [from 258.4 (R2) up to 293.4 kJ/mol (R6)] (see Figure 5 ). From an analysis of both sets of data, it was seen that similar differences between the extreme values of ∆H 298 were achieved, i.e. ~30 kJ/mol. In the case of singlet states (M = 1), the calculated values of -∆H 298 for R-Clchanged from 57.5 (R2) up to 72.7 kJ/mol (R6). It is interesting that during the formation of complexes with Cl 0 , the magnitude of ∆H 298 remained practically constant, giving roughly the same values for the reaction enthalpy (ca. 107 kJ/mol for M = 1 and ca. 86 kJ/mol for M = 3). A similar constancy in the changes in the reaction enthalpy was observed previously by . They found that the adsorption energy for CO 2 did not depend on the size of the molecular model, i.e. the adsorption enthalpy remained nearly constant as the model size increased. In summary, the analysis of the results depicted in Figure 3 shows that there is a significant relationship between the values of ∆H 298 and the charge, multiplicities and size of the adsorbate/adsorbent system.
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M. Wiśniewski and P.A. Gauden/Adsorption Science & Technology Vol. 24 No. 5 2006 5.75 6 6.25 6.5 6.75 7 7.25 7. Figures 3 and 4 show correlations between the reaction enthalpy and the ionization and electronic chemical potentials, respectively, of the carbon structures for both multiplicities. The values of -∆H 298 decreased linearly as the values of the carbon IP and µ increased. All fits gave satisfactory values of the determination coefficient (R 2 ), which were equal to or larger than 0.97 for higher multiplicity. However, worse fits were obtained for lower multiplicities. The reason for these phenomena will be discussed below. In order to compare both plots (investigation of the parallelism), the standard error of the slope coefficient was calculated. The following values were obtained: for IP, ± 0.72 for R-Cland ± 0.68 for R-Cl + ; and for µ, ± 2.54 for R-Cland ± 3.18 for R-Cl + , respectively. From a comparison of the values of the slope coefficient and the errors, it may be stated that the lines may be treated as parallel in the case of M = 3. These results indicate that opposite charges on the adsorbate molecules (Cl + and Cl -) have no influence on the decreasing trends in the relationships ∆H 298 versus IP and/or ∆H 298 versus µ. The phenomena presented here enable us to conclude with confidence that the energies of formed (Cl + or Cl -)-graphene cluster complexes are well described by equation (5) reduced to the linear form:
The parallelism shown in the upper parts of Figures 3 and 4 enable equation (5) to be rewritten as: (7) where the left-hand and right-hand sides of this equation are related to the acidic (A) and basic (B) properties of the graphene sheet (R). It is obvious that similar tendencies were observed for the reactivity parameters, i.e. for the global softness and electronic affinity (related to the parameters discussed in Figures 3 and 4) . Linear relationships were obtained here also (data not shown).
The adoption of the HSAB theory [equations (6) and (7), Figures 3 and 4] shows that, during the adsorption process, the carbon structure can sometimes be treated as acidic and sometimes as basic. On the other hand, differences between the extreme values of ∆H 298 for the chloride anion or cation are significant compared to Cl 0 . Thus, the mechanism of adsorption for both ions should be different relative to the situation with the neutral Cl atom. To investigate the acid-base properties of the above-analyzed sheets, the difference between the initial charge of an adsorbent (equal to zero) and the carbon structure in the complex was calculated. This parameter is the so-called charge transfer, ∆N. Such an analysis of the charge transfer has been helpful, for example, in the description of the interaction of small probe molecules (NH 3 , CH 4 and CO) with the Brönsted acid sites of zeolites (Deka et al. 2003) . It has recently been found that charge transfer is the crucial factor governing variations in the rotational barrier for H 3 Al/NH 3 and H 3 Al/PH 3 systems (Mallajosyoula et al. 2006) . Also, Crawford and Hu (2006) have shown that the stability of N-H transition-state complexes on the surface of a transition metal is inherently related to the charge-transfer process.
Correlations of the calculated reaction enthalpies for seven various structures with adsorbed Cl × as a function of adsorbent charge transfer are shown in Figure 5 . This parameter remains virtually constant without any charge transfer (∆N ≈ 0) during the formation of complexes with Cl 0 and gives roughly the same values of the reaction enthalpy. It should be noted that the same behaviour may be observed for ∆H 298 for all the reactivity indices studied (Figures 3 and 4) . It is seen from Figure 5 that, when M = 3, the reaction enthalpy increased monotonically as ∆N decreased for both chloride ions. The lowest charge transfer was observed for the smallest graphene sheet, i.e. R2, where ∆H 298 was the least amongst all the adsorbent models (upper part of Figure 5 ). On the other hand, the largest values of ∆N and ∆H 298 were observed for R6-Cl × (x = -1 or +1). Also, it was again very difficult to find a correlation between the size of the graphene sheets and the above-mentioned parameter. According to Nalewajski (1984) , the data shown in Figure 5 may be described using equation (5) . When M = 3, the quadratic equation gave a good fit with the calculated data for the reaction of adsorbents with Cland Cl + , with values of the determination coefficient being equal to 0.99 and 0.96, respectively (see upper part of Figure 5 ). In contrast, differences were observed between the values of ∆N related to the chloride anion and cation. Before the adsorption process, the charge associated with Cl + and Clis opposite and equal to The relationship between ∆H 298 and ∆N is more complicated for multiplicity equal to unity in comparison with M = 3, i.e. a linear correlation is only observed for R-Cl -(see lower part of Figure 5 ), whereas for R-Cl + complexes no correlation is observed in the relationship of ∆H 298 versus charge transfer where two groups are visible. It should be pointed out that a similar behaviour was observed for other methods of charge calculation (e.g. Mulliken atomic charge analysis) and additional carbon models. In our opinion, this lack of correlation should not be treated as an argument against the charge-transfer mechanism, but rather as calculation errors in changes in the electron densities of analyzed adsorbents before and after the chemisorption process. Moreover, it should be pointed out that M = 1 is not the ground state for graphene sheets and respective complexes.
Summing up, the mechanism of formation of R-Cl × (x = -1 or +1) can be determined successfully by charge transfer for M = 3 (see upper part of Figure 5 ). This is in good agreement with the conclusions of Nalewajski (1984) who pointed out that charge transfer is responsible for stabilization of the soft-hard interaction. Thus, since Clis a hard base, Cl + is a hard acid and the global softness values of presented carbon structures are rather high, it seems reasonable to treat the examined process as a hard [Cl × (x = -1 or +1)]-soft (graphene sheet) reaction. Hence, the graphene sheet acts as an acid during the formation of carbon complexes with Cl -, while it is a base during reaction with Cl + . Confirmation of this statement is provided by the plot shown in Figure 6 where the dependence of the reactivity indices, θ (IP, EA, S and µ divided by their maximum values) and adsorbent charge-transfer (∆N) are analyzed. It will be seen from this figure that the above-mentioned parameters are correlated for triplet multiplicity. 
CONCLUSIONS
A systematic theoretical study of the reactivity of different types of two-radical graphene sheets where two neighbouring carbon atoms are unsaturated in the zigzag position is reported. Valuable information about the reactive sites for possible electrophilic and nucleophilic attack on carbon models by the chloride anion (Cl -), cation (Cl + ) and radical (Cl 0 ) has been obtained in terms of various HSAB-based chemical reactivity descriptors (ionization potential, electron affinity, global softness and electronic chemical potential). It has been shown that these indices are independent of the size of the adsorbent systems investigated in the current studies. On the other hand, an analysis of the results has demonstrated that the values of ∆H 298 are significantly related to the charges, multiplicities and sizes of the adsorbate/adsorbent system. Correlations between the enthalpy of reaction and the ionization and/or electronic chemical potential of the carbon structures, respectively, have been found. The results obtained confirm the original HSAB concept of Pearson and the improvement developed by Nalewajski. A similar relationship was observed for the adsorbent charge-transfer term, i.e. the change in the electron densities of the analyzed graphene sheets before and after the adsorption process. Moreover, the graphene sheet behaves as an acid during the formation of carbon complexes with Cl -, whilst in the reaction with Cl + it behaves as a base. This confirms the amphoteric (i.e. acidic and basic) nature of the centres existing on the surface of carbonaceous adsorbents.
It is very difficult to decide on an appropriate model for graphene sheets (with and/or without actives sites, e.g. unsaturated carbon atoms, flat or fullerene-like, etc.). For this reason, investigations of the influence of the electronic properties of the carbon sheets on the energetic effect of the adsorption process lead to a better understanding of the mechanism of adsorption of neutral and ionized molecules. Although the studies presented here are only preliminary, they may provide scope for more extensive investigations, e.g. description of the local reactivity, introduction of other adsorption centres, influence of functional groups, adsorption of metal cations or correlation with experimental data. In our opinion, an analysis of alkali metal cations adsorbed on the surface of carbonaceous materials could be very promising and probably allow the verification of the theoretical considerations considered in this study. This problem will be discussed in the future.
